Production rates of bromoform (CHBr,), methylene bromide (CH,Br,), and methyl iodide (CH31) were measured in the laboratory for 11 species of marine macroalgae. Production rates of the volatile bromomethanes extrapolated to a global scale suggest that marine macroalgae produce 2 x 10" g Br yr-I (1 x lo9 mol Br yr I), 98% of which is bromoform. Laminarians (kelps) produce 61% of this organic Br. These calculations suggest that marine macroalgae are important in the biogeochemical cycling of Br. Seawater concentrations of CHBr,, CH,Br,, and CH,I were determined from various southern California coastal locales. High concentrations were measured in seawater from the canopy and the bottom of a dense bed of Macrocystis as compared to other sites. Surface seawater concentrations of these halomethanes showed a strong cross-shore gradient with the highest concentration in the kelp canopy and the lowest at 5 km offshore. Seawater adjacent to decaying macroalgae on the bottom of a submarine canyon was not enriched in halomethanes relative to-surface water. Water exiting a productive estuary was enriched only with CH,Br,, although two algal species that are abundant there (U/vu and Enteromorpha) showed high laboratory production rates ofboth CHBr, and CH,Br,.
Bromoform (CHBr,), methylene bromide (CH,Br,), and methyl iodide (CH,I) are major natural vectors of gaseous bromine (Penkett et al. 1985) and iodine (Rasmussen et al. 1982) to the atmosphere. Productive coastal waters are enriched with CHBr, (Fogelqvist and Krysell 199 1; Class and Ballschmiter 1988) , CH,Br, (Class and Ballschmiter 1988) , and CHJ (Lovelock 1975; Manley and Dastoor 1988) due in part to their production by marine macroalgae and possibly by marine microbes. Seaweeds appear to be the dominant natural oceanic source of CHBr, and CH2Br2 (Gschwend et al. 1985) .
In addition to field observations, macroalgal production of these halomethanes has been measured in the laboratory. Gschwend et al. (1985) reported production rates for I Corresponding author. CHBr, [0.14-14 pg d-l (g DW)-I; g DW = g dry wt] and CH,Br, [0.25-21 pg d-l (g DW)-I] for six algal species. Previous work (Manley and Dastoor 1988) on production rates of CH31 [ 100-300 ng d-l (g DW)-l] was performed on five kelp species (order Laminariales).
Several lines of evidence support the conclusion that algae, not associated microbes, are primarily responsible for the halomethane production observed (Gschwend et al. 1985) . Furthermore, axenic tissue cultures of Macrocystis pyrifera have produced CH31 (Manley and Dastoor 1988) .
The biosynthesis of halomethanes by marine macroalgae has been studied by several researchers (e.g. Theiler et al. 1978; Wuosmaa and Hager 1990; Wever et al. 199 1) . Enzymes involved in methyl halide (monohalomethane) production appear to be different from those involved in polyhalomethane production.
This study determined production rates of CHBr,, CH,Br,, and CH,I by estuarine and nonestuarine subtidal macroalgae. The focus was on ecologically abundant and pre- . Coasta sites (Orange County, California) where samples were obtained for CHBr,, CH,Br,, and CHJ analysis. Site 1 was in a kelp canopy (0.2 km from shore), site 2 at the floor of the kelp bed, and site 3 outside the kelp canopy (0.7 km offshore). Site 4 was in an estuary, sites 5 and 6 were above and in a submarine canyon, and site 7 was 5 km offshore. (Depth contours in feet, 60 ft x 18 m.) viously unreported species. In addition, seawater halomethane concentrations were used to identify areas of high halomethane production among several coastal environments in southern California.
Materials and methods
Seaweeds for production rate studies were obtained from outside a bed of M. pyrzjka (Fig. 1, site l) , except for Ulva sp. and Enteromorpha intestinalis which were obtained from upper Newport Bay (site 4). Algae free of visible epiphytes were used except for Rhodymenia californica and Dictyota binghamiae; these had an estimated 15 and 20% epiphytic cover consisting primarily of bryozoans. Seaweeds were stored in large outdoor flow-through tanks for 14 d before use.
Seawater samples were obtained from several locations (Fig. 1) and analyzed for halomethanes. Samples were collected by SCUBA in glass syringes with no headspace as described previously (Manley and Dastoor 1987) . Seawater samples were taken from the canopy (site 1) and bottom (site 2) of a Macrocystis bed, from 0.7 km offshore (site 3), from an estuary (site 4), and from 5 km offshore (site 7). There were no sewage outfalls near the kelp bed. All surface samples were taken in the first 0.6 m of the water column. Seawater samples from the estuary and floor of the kelp bed were taken just above the sediments (0. l-and 9.8-m depths, respectively). A submarine canyon was a site of decaying macroalgal debris. Seawater samples were taken from the surface water above the canyon (site 5) and from the canyon bottom (site 6) adjacent to debris (2 1 -m depth).
Seaweed production of halomethanes was measured by the method of Manley and Dastoor ( 1987) . Tissue samples were placed with no headspace in separate serum bottles containing filtered (0.45 pm) offshore, surface seawater. The seawater was previously purged with ultrapure air to lower background halomethane concentrations. Whole algal thalli from separate individuals were used when possible. Sections ofmature fronds were used for Egregia menziesii. Three tissue disks cut from the middle of separate mature blades were used for species with thalli too large for serum bottles. Disks were cut from different fronds of Macrocystis and from different individuals of Laminaria farlowii and Eisenia arborea. Excised tissue was placed in seawater 1 h before use to minimize the physiological effects of wounding (see Arnold and Manley 198 5) . Previous studies (Manley and Dastoor 1988) have not found blade wounding to significantly affect rates of CH31 production.
Tissue samples were incubated for 2 or 3 h at 18°C and 150 PEinst m-2 s-l illumination. Controls consisted of filtered seawater only. At the conclusion of the incubation, the seawater was extracted into nitrogen and analyzed for halomethanes. Halomethane production was normalized to fresh weight (FW), dry weight (DW), and ash-free dry weight (AFDW). Previous work (Manley and Dastoor 1987) showed no significant differences in monohalomethane production in light or dark. Algal production of polyhalomethanes in the dark was not determined. All production rates were extrapolated to 24 h assuming equal production in light or dark.
Halomethanes were measured by an electron capture detector (63Ni, Valco Inst. 140 BN) gas chromatograph (Perkin-Elmer No. 3920; HP 3390A integrator). Seawater samples in glass syringes were brought into equilibrium with ultrapure N2. The gas phase was concentrated onto a cooled sampling loop (Dry Ice, isopropanol slurry, -78°C). The halomethanes were injected onto the column by simultaneously flushing the loop with carrier gas and immersing it in hot oil (275°C) (Manley and Dastoor 1987) . The stainless steel column (3.05 m long x 0.32-cm diam) was packed with Porasil B 80/ 100 mesh. Column temperature was kept at 75°C for 20 min and then increased 2°C min-' to a final temperature of 120°C. The carrier gas was argon : methane (95 : 5%) with a flow rate of 25 ml min-l.
Peak identification and quantification was achieved by comparison to known standards prepared from dilution of liquid CHBr,, CH,Br,, and CH,I (Aldrich Chem. Co.) in pentane (nanograde, Mallinckrodt). Recovery ranged from 76 to 94% for CHBr,, 91 to 95% for CH2Br2, and 89 to 96% for CH,I. Values are presented without recovery correction.
Equilibrium concentrations in seawater were determined from headspace analysis with dimensionless partition coefficients at the temperature of extraction (Hunter-Smith et al. 1983) . Partition coefficients for CHBr, (Nicholson et al. 1984) and CH2Br2 (Mackay and Shiu 198 1) were multiplied by 1.2 to account for the effect of seawater (Singh et al. 1983 ). The formula of Singh et al. (1983) was used for CH31. Partition coefficients at 25°C are the following: 0.025 CHBr,, 0.015 CH,Br,, and 0.29 CH31.
Results and discussion
Laboratory production-Observed production rates of CHBr, and CH,Br, by kelps (Table 1) were in the range reported for nonkelp species by Gschwend et al. ( 1985) ; production rates for kelps were not found in the literature. Additionally, production rates given here for five genera of nonkelp macroalgae appear to be previously unreported. Production rates observed for Pacific species of Ulva sp. and E. intestinalis (Table 1) were 4-64 times greater than those reported for Atlantic species of Enteromorpha linza and Ulva lacta by Gschwend et al. (1985) .
Production rates observed for the brown alga Cystoseira osmundacea (order Fucales) were comparable to that of two other fucalean species reported by Gschwend et al. (1985) . Algal CH,I production rates available in the literature appear to be limited to kelps. CH,I production rates for seven nonkelp species were measured in this study (Table  1) . Observed CH31 production rates were higher for the kelps than for other species except for a nonkelp brown alga, Cystoseira.
Observed CH,I production rates by kelps were lower than values reported previously (Manley and Dastoor 1988) . The reasons for this variability have not been thoroughly investigated. Tissue age does not seem to be a factor (Manley and Dastoor 1988) . However, inherent and environmentally induced physiological differences may have affected CH31 production.
Dictyota binghamiae did not produce bromomethanes and CH31 production was low relative to other species (Table 1) . Rhodymenia californica produced moderate amounts of bromomethanes but little CH,I.
Corallina oficinalis did not produce CH,I
and produced the lowest amounts of bromomethanes, even when normalized to AFDW to account for heavy calcification. For example, the production of CHBr, was 2.5 x lo3 ng h-l (g AFDW)-l, whereas the next lowest production rate was observed from the noncalcified Cystoseira at 5.2 x lo3 ng h-l (g AFDW)-I.
Seawater concentrations-Halomcthane concentrations were measured in seawater collected on three dates from seven locations (Table 2) . CHBr, was significantly more concentrated in seawater samples from the kelp bed canopy (site 1) than in seawater from outside the bed (site 3, P < 0.05, 14 September; P < 0.10, 14 August), from the estuary (site 4, P < 0.05), above and in the submarine canyon (sites 5 and 6, P < 0.05), or from the outer coastal area (site 7, P < 0.05). The high [CHBr,] in the canopy was a result of Macrocystis CHBr, production (Table 1) and was the probable cause of the high [CHBr,] in peripheral surface waters (Table 2) . No enhanced [CHBr,] was seen in seawater from the submarine canyon or estuary as compared to the outer coast (Table 2). Seawater from algal belts of unknown species distribution has yielded CHBr, concentrations as high as 300 ng liter-l, while CHBr, concentrations in noncoastal waters have been reported in a range of l-23 ng liter-l (Fogelqvist and Krysell 1991).
CH,Br, was significantly (P < 0.05; Table  2 ) more concentrated in seawater samples Table 2 . Seawater halomethane concentrations (ng liter-l) (SD, n in parentheses) from various coastal sites. Details given in Fig. 1 from the kelp bed canopy and bottom (sites 1 and 2) than in seawater from outside the bed (site 3), above and in the submarine canyon (sites 5 and 6) or from seawater offshore (site 7). The relatively high [CH,Br,] in the canopy was a result of Macrocystis CH,Br, production (Table 1) . Estuarine seawater had a greater [CH,Br,] than seawater from any of the other locations (P < 0.05) including the kelp bed canopy. CH2Br, was the only halomethane measured in. which the highest concentration was not seen in kelp canopy seawater. The two estuarine species Enteromorpha and Ulva produced CH,Br, during incubations (Table 1) ; however, these species also produced CHBr, which was not more concentrated in estuarine water relative to the canopy. The estuarine environment remains an interesting area for further research. CH,I was significantly (P < 0.05; Table  2 ) more concentrated in seawater from the kelp canopy and bottom (sites 1 and 2) than in seawater from the estuary (site 4), submarine canyon (site 6), or offshore (site 7). CH31 concentrations were significantly higher (P < 0.10) in kelp bed seawater than in surface seawater above the submarine canyon (site 5).
The Macrocystis canopy had a density of 12-1-5 kg FW mm2 (mean -t95% CL) determined by quadrat sampling (McFarland and Prescott 1959) . CH,I concentrations measured at the floor of the kelp bed and in the canopy-the region of highest biomasswere equal (Table 2) . These results might be explained by vertical mixing because no thermocline was observed on this day. However, concentrations in the canopy were higher relative to the bottom for CHBr, and CH,Br2. Previous data (Manley and Dastoor 1987) show a vertical [CH,I] gradient on one instance (June 1985; canopy and bottom, 3.5 and 2.2 ng liter-l) and no gradient on another (February 1985; canopy and bottom, 1.3 and 1 .O ng liter-l).
CH,I production by understory algae does not appear to explain the discrepancy between CH31 and bromomethane concentration profiles. The algae directly below the dense Macrocystis canopy were sparsely distributed and primarily crustose corallines. Although we did not incubate crustose algae, the articulated coralline, Corallina, did not produce significant quantities of CH31 in laboratory incubations (Table 1) .
Halomethane production and transport from nearshore macroalgae does not seem to explain the uniform [CH31] profile. Water transport into the region of the floor of the kelp bed should have resulted in similar profiles for all three compounds. The dominant nearshore macroalgae (by visual inspection) were the red algae R. californica (5-l 0% cover), C. oficinalis (5%), and Pterocladia capillacea (1%) and the brown algae D. binghamiae (2%) and C. osmundacea (1%). A few individuals (< 1%) of the kelps E. arborea, E. menziesii, and L. farZowii were also present. These algae pro- Distance from shore (km) Distance from shore (km) Distance from shore (km) Fig. 2 . CHBr,, CH,Br,, and CHJ surface seawater concentrations (t-1 SD) as a function of distance from shore, including a samtAe taken from the center of a dense Macrocystis pyr@ra canopy. See Fig. 1 for map. Samples collected 14 August 1990. duced bromomethanes in the laboratory yet only CH31 was elevated at the bottom relative to the canopy. Microbial CH31 production in the sediments may account for these results.
Water flowing from the estuary with the tide was not elevated in CH31. However, the dominant algae in the upper Newport Bay estuary, E. intestinalis and Ulva sp., both produced CH,I at moderate rates in incubation studies (Table 1) . Low levels of CH,I in estuarine water may be due to volatilization. CH,I may also act as a methylating agent in pore water (Ring and Weber 1988) . A more thorough investigation of [CH31] profiles in estuaries is needed.
The estuary also contained a variety of angiosperms including Zostera marina (eel grass), Spartina foliosa (cord grass), and Juncus acutus (spiny rush). The ability of salt-marsh higher plants to produce halocarbons has not been investigated. Enzymatic synthesis of methyl halides, however, has been demonstrated for a terrestrial succulent (ice plant) growing in saline soil (Wuosmaa and Hager 1990) . The release of volatile iodine, possibly CH,I, from bean plant foliage has also been reported (Amiro and Johnston 1989) . Water taken from the submarine canyon (site 6) was not significantly enriched in CH31 as compared to water from the surface (sites 5 and 7). Marine microbial production of CH,I has been reported (Manley and Dastoor 1988) , thus high halomethane concentrations were expected in an area where seaweed collects and decays. Low [CH,I] may reflect weak microbial production at this canyon. Alternatively, microbial consumption of any CH,I produced may have resulted in a low net concentration.
Surface seawater concentrations of these halomcthanes showed a strong cross-shore gradient (kelp canopy, 0.7 km, and 5 km offshore) with the highest concentration in the kelp canopy and the lowest at 5 km (Fig.  2) . Attempts to identify areas of high halomethane production by measuring seawater concentrations (Table 2) are limited because measurements reflect net accumulation in an area. Dilution, volatilization, halogen exchange reactions, photolysis, and biodegradation tend to lower concentrations independent from gross production. It is apparent, however, that the Macrocystis canopy is a major source of these halomethanes.
Equilibrium calculations for the measured halomethanes showed them to be supersaturated in seawater with respect to marine air. These calculations used literature values of atmospheric concentrations above the open ocean (Class and Ballschmiter 1988; Singh et al. 1983 ) and the previously given partition coefficients. CH,Br, in submarine canyon surface water was an exception; equilibrium calculations showed CH,Br, to be saturated with respect to air at this location. The supersaturation conditions at least partly reflect halomethane macroalgal production in coastal waters. For CHBr,, canopy water was supersaturated on all days sampled even with a reported atmospheric concentration of 200 pptv (1 pptv = lo-l2 by volume) for open-ocean air with coastal input (Class and Ballschmiter 1988) . Future studies will include measurements of both seawater and overlying air concentrations.
Global estimates -Previous extrapolations (Manley and Dastoor 1988) suggested that on a global basis seaweeds do not directly account for the estimated oceanic source strength of CHJ (Singh et al. 1983) . CH,I production rates presented here from a wider variety of macroalgal species support this conclusion. It is possible, however, that macroalgae are significant indirect producers via microbial decay of seaweed iodocarbons.
Kelps are estimated to comprise twothirds of the macroalgal biomass (60 Tg FW; DeVooys 1979). Kelps, by sheer mass, should be an important class of macroalgae in the global scheme. Estimates of global production of CH,Br, and CHBr, by kelp are 1.7 and 1 .O x 1 O2 Gg yr-l when mean production rates (Table 1) are used. Monobromomethane production from kelp was estimated to be 0.1 Gg CH,Br yr-l (Manley and Dastoor 1987) . Kelps, therefore, are estimated to produce a total 97 Gg organic Br yr-I, 98% derived from CHBr,.
Similar calculations for the nonkelp seaweeds with one-third of the global biomass and the mean values from Table 1 provide global production estimates of 0.9 Gg CH,Br, yr-l and 66 Gg CHBr, yr-'. The contribution of nonkelp macroalgae is estimated at 64 Gg organic Br yr-l, and therefore the total macroalgal input is estimated at 2 x lo2 Gg yr-t or 1 x 1 Og mol yr-' of organic Br. Volatilization is probably the most important mechanism of bromomethane loss (Helz and Hsu 1978) . If we assume that this Br is released into the atmosphere within a year, the input is the same order of magnitude as all known anthropogenic sources (Gschwend et al. 1985) . These calculations suggest that marinc macroalgae produce globally significant amounts of bromomethanes and have an important role in the biogeochemical cycling of bromine.
